Clay-salt slimes, production wastes from "Belaruskali" (A Belarusian factory, producing potash fertilizers), have been tested as a low-cost, eco-friendly potential sorbent for the removal of radionuclides from aqueous solutions, and may be a component of the cement filling of drums used in the storage of radioactive wastes. The efficiency of sorptive removal of caesium(I)-137, strontium(II)-90, europium(III)-152, and americium(III)-241 was examined with respect to the time of phase equilibration, pH, sorbent dosage, and the presence of salts and complexing agents. Irradiation stability of the material was also studied. It was found that uptake of the radionuclides is almost complete. A procedure for the removal of technetium-99 has been also proposed. Experimental results obtained within the presented work confirm our expectations.
Introduction
In Poland, low-and medium-level short-lived radioactive wastes (LLRW and MLRW, respectively) 1 are conditioned in the near-surface National Radioactive Waste Repository (NRWR in Rozan) operated by the Radioactive Waste Management Plant [1] . In 2016 NRWR collected about fifty cubic meters of wastes, with about 40% being liquid. Also collected, were about 24,000 smoke detectors and 1300 decommissioned sealed radioactive sources [1] . Radiochemical analyses of samples withdrawn from these liquid radioactive wastes have shown, with the exception of H-3 (about 22%), the most important contribution to the total radiation activity comes from Co-60 (44%) and Cs-137 (11.4%). The main radionuclides present in Polish liquid wastes are shown in Fig. 1 .
In Belarus, the country of the second group of authors of the presented work, LLRW and MLRW will be stored in an area near the nuclear power plant (at present, under construction) before being removed to the repository. This will be constructed by 2028. [3] .
Liquid radioactive wastes pose a unique problem because of their relatively large volume. According to current legal regulations, it is not permitted to dilute radioactively contaminated liquids to reduce their radioactivity level below the value which permits their release into the environment. Therefore, different physical and/or chemical methods for concentration/solidification of the dangerous matter (which may be subsequently stored) have been already developed. Sorption is amongst the most popular methods because is low-cost, effective, and easy to carry out.
Another problem related to LLRW and MLRW management is the possibility of leaching of radioactive elements by different aqueous streams present in the repository, [4] which may result in dangerous health effects in both humans and animals within the local environment. So, the secure management of liquid radioactive wastes is an important, increasing problem world-wide. To prevent the abovementioned release of hazardous radioactive elements from storage locations into the environment, a well-known multi-barrier system was put into effect. Typically, the main retardation barrier for the release of radionuclides is the immobilization of radioactive wastes in different mixtures of cement and sorbents. For example, it has already been shown that the use of silica fume, ilmenite, or zeolites significantly decrease leaching rates [6] [7] [8] [9] [10] . It is well known that the usage of these barriers requires a large amount of natural materials exhibiting specific physicochemical and sorption properties. This can be prohibitive for the economic operation of large scale operations. For this application, the most promising option is using natural sorption materials, or industrial wastes of low price and effective sorption properties [11] . On the contrary, synthetic sorbents are expensive, and some of them have low selectivity. Therefore, to solve the problem of water contamination from leached radionuclides, attention is given to the search for novel sorbents, or to modify certain natural minerals with the aim to improve their sorption properties. At the same time, when dealing with already radioactively polluted water, decontamination of this medium becomes an urgent problem. In this case, sorption seems to be one of the most promising methods.
The identification of all the abovementioned problems resulted in a great number of studies aimed at assessing the sorption of different metallic radionuclides by a diverse range of cost-effective sorbents, including, amongst others, clays and zeolites [12] [13] [14] [15] [16] . The presently realized PolishBelarusian joint project presented in this paper is aimed at determining sorption characteristics of clay-salt slimes (CSS), a waste product created during the fabrication of potash fertilizers in Belaruskali (Soligorsk, Belarus). More precisely, the purpose of this work was to check their potential for usage in decontamination of radioactively contaminated aqueous solutions and as components of the engineering barriers in the radioactive waste repositories. Material from Mining Factory No 3 of the "Belaruskali" facility was the object of the presented studies. In previous papers, samples have been collected from factories No. 1 and 2 [17] [18] [19] .
Experimental

Materials
Experiments were performed with clay-salt slimes (CSS-3) samples withdrawn from the clay-salt slime repository mining factory No. 3 of the "Belaruskali" facility. The mineralogical composition of this material was determined by X-ray diffraction analysis as illite, 51.1%; dolomite, 19.6%; potassium feldspar, 14.0%; quartz, 7.4%, and other minor minerals, 7.1%. It was previously shown that the qualitative mineralogical composition is similar to that of samples obtained from the "Belaruskali" mining factory No 1, further referred to in this paper as CSS-1 [17] [18] [19] .
The raw material from which the CSS-3 samples were obtained was taken from the repository in factory No. 3. It was in the form of a clay suspension in a saturated salt solution. Therefore, as well as the water-insoluble components, after drying it also consisted of the water-soluble salts (mainly, KCl and NaCl). This material was thoroughly washed with water to remove all the soluble salts and desiccated to constant mass (55 °C; 6 h.). The resulting sample was designated CSS-3A. A portion of the CSS-3A sample was treated with 0.1 M HCl aqueous solution in order to destroy carbonates (until the emission of CO 2 stopped; 50 °C; stirring). The volume of HCl solution used for the destruction of most of the aluminosilicates was calculated based on their content in the CSS-3A sample. Then, the potential sorbent was rinsed several times with consecutive portions of distilled water. The solid-to-liquid ratio was 1:5 in each cycle. Finally, the sample was dried at 105 °C until its constant mass was reached. The resulting material was designated CSS-3B.
It has been found that the main components of both CSS-3 materials are illite (42.2-51.1 wt %) and dolomite (19.6-24.8 wt %) [20] . Moreover, the average formula of illite was determined to be (K 0.73 Na 0. 27 [20] . In this formula, the first bracket relates to the ion-exchangeable layer, the second to the cations in the octahedral layer, and the components within the square bracket comprise the tetrahedral layer. It seems Fig. 1 Ten major radionuclides present in the Polish LLRW at 31.12.2016 [2] reasonable to state, that present in the interlayer of this clay, magnesium(II), calcium(II) and potassium(I) ions are crucial metals to be exchanged when sorption occurs. In turn, silicon(IV), aluminum(III), and iron(III) cations are the framework forming ions.
The specific surface area of the CSS-3A material was determined by low-temperature nitrogen adsorption and utilising Brunauer-Emmett-Teller theory (BET) to be about 66 m 2 /g, and is twice greater than that of the raw material (28 m 2 /g) [20] . M) and checked for their radioactive purity using gamma spectrometry.
All
Instrumentation
Sorption experiments were performed in 5 mL polyethylene vials shaken with the Heidolph Multi Reax test-tube shaker (Witco, Lodz, Poland). Phases were separated using the MPW-251 centrifuge (MPW Medicals Instruments, Poland) for 10 min at 14,000 rpm. Then, the gravimetrically withdrawn samples of aqueous phase were measured radiometrically with a Perkin Elmer 2480 Wizard2© Automatic Gamma Counter (Polish branch, Warszawa). All radionuclides were measured simultaneously.
The electric potential in the interfacial double layer of the CSS materials (known as zeta potential, ZP) was estimated by calculating their electrophoretic mobility, which is proportional to their ZP. For this purpose, Zetasizer Nano ZS instrument, (Malvern, UK) with the dynamic light scattering was applied.
A closed source of Co-60 (Gamma Chamber GC 5000, Board of Radiation and Isotope Technology, India) with an activity of 550 MBq was used for the irradiation of solid samples when studying radiation stability.
The FT-IR spectra of dried CSS specimens were recorded in the 4000-400 cm −1 region, prepared for analysis as KBr pellets, using the Nicolet iS10 (Spectro-Lab, Warszawa, Poland). Obtained numerical data in ASCII form were analyzed with OPUS software (Brucker, Germany).
Sorption studies
The study of sorption of the radioactive metals was performed in static conditions. Initial aqueous solutions (ca. 10 −2 M NaNO 3 ) were spiked with the radionuclides and placed in polyethylene test tubes, and then a weighed quantity of the sorbent was added. Samples were mechanically shaken for 2 h. (except when studying sorption dependency on contact time) and separated by centrifuging. Radioactivity concentration of the radionuclides in the samples taken from the supernatant was measured and compared with that of the corresponding initial solution. Detailed values of the experimental parameters (volume of the solution, the mass of the sorbent added, pH) are presented in Part 3.
All sorption studies were performed as three independent experiments and the radionuclide content was determined from a set of three samples measured in triplicate.
The amount of the radionuclide absorbed per 1 g of sorbent (q eq , Bq g −1 ) was calculated using Eq. (1) given below:
where A 0 is the initial concentration of the radionuclide in solution (Bq L −1 ), A eq the concentration of the radionuclide in the solution under equilibrium conditions, m the mass of the sorbent (g) and V the volume of the solution used for sorption (L). To be able to consider the effectiveness of a given sorbent, the efficiency of the solution purification, (E r , %), was calculated with the formula:
If necessary, apparent distribution coefficients of the radionuclides between both phases (K d , L g −1 ) may be also calculated by means of Eq. 3 [21] :
Additional properties of the CSS-3 materials
Homogeneity of the samples
Before studies on radionuclide sorption were started, the homogeneity of the sorbent powder was confirmed using a method familiar to the laboratory of this work. It has been previously used for conducting interlaboratory comparisons
on the determination of activity concentration of radionuclides present in food and environmental samples (unpublished data). Homogeneity was confirmed by equilibration of seven randomly withdrawn samples (50 mg, each) of the CSS raw materials, CSS-3A and CSS-3B, with 5 mL of 0.1 M NaNO 3 solution containing caesium-137. It was found, that the E r values did not differ significantly from each other. Mean E r values were established to be 98.81% with a standard deviation of mean being 0.43% and 98.64 ± 0.47% for the CSS-3A and CSS-3B samples, respectively. Such small values of standard deviation suggest that both CSS materials are homogeneous.
Desorption of radionuclides from the metal loaded sorbents by aqueous solutions
Prior to starting the experiments, both studied materials were pre-equilibrated with an aqueous solution containing the radionuclides and dried. Desorption of radionuclides from these metal loaded sorbents by bi-distilled water was studied in a number of consecutive experiments. Each experiment involved equilibration of the loaded sorbent with water (0.50 g of the sorbent with 10 mL of water; Falcon™ 50 mL conical test tubes; RT) for several hours, separation of the phases (10 min.; centrifuging; 14,000 rpm) and radiometric determination of the radioactivity concentrations of the liquid phases. Equilibration time was increased gradually from 2 h until 120 h with steps of 12 h.
Radiation stability of the CSS materials
Ten grams of both CSS-3A and CSS-3B were irradiated at room temperature with gamma radiation in a Gamma Chamber (GC 5000, Co-60 source). An irradiation dose of 250 kGy was delivered within 50 h. This dose exceeds by 25 times the FAO and WHO recommendation for the greatest dose to be used for food irradiation. Radiation stability of the samples was evaluated by employing three independent methods. In the first, the sorption properties of the irradiated samples were compared with those of the untreated samples. Secondly, infra-red spectra were recorded for the irradiated samples and compared with those of raw, non irradiated materials. Finally, the value of the ZP's were determined and compared to the non irradiated samples for both pairs of the potential sorbents. Sorption experiments were performed by changing only one parameter in any series of experiments. Such methodology allows for identifying the optimum experimental conditions for sorption. List of the parameters, ranges of the studied values and the optimum sorption conditions are listed in Table 1 .
Results and discussion
In the presented work, removal efficiency (E eq , %) of Cs(I), Sr(II), Eu(III), and Am(III) metal ions by sorption with claysalt slimes (CSS) was studied, and it's dependence on certain factors significant in the safe management of liquid radioactive wastes was evaluated.
It is well known, that the Gibbs free energy equation, as given below, relates the free energy of reaction (ΔG°, kJ mol −1 ) to the equilibrium constant (K eq , dimensionless constant), and may be discussed in terms of the interaction between a metal cation and the counterion.
If so, it approximates energy of ion solvation in terms of its charge and radius, assuming predominantly electrostatic interactions. So, when plotting experimentally obtained K d values for the studied metals with respect to the reciprocal of the Shannon ionic radii [23] (see, Fig. 2 ), a poor linear relationship is observed (e.g. for CSS-3A, R 2 ≈ 0.89). This means that even if sorption of metals is governed by cation-anion electrostatic interactions, some further phenomena should be taken into account. One may imagine that primarily, the size of the cavities should be taken into consideration.
In the following text, we will present our experimental results on radionuclide sorption, described by the efficiency of the solution purification, E r , %. Referring to the parameters of the experiments shown in Table 1 , these values seem to be more informative in designing novel procedures for sorption.
Sorption of radionuclides by the CSS-3 materials
Dependence of removal efficiency on the equilibration time
The contact time of the phases is a crucial factor in determining the efficiency of the adsorption process (E eq ).
As a rule, sorption of metal ions proceeds in several stages. In the first, the transfer of metal ions from the solution onto the sorbent takes place through a diffusion process. Then, these metal ions diffuse throughout the outer surface of the sorbent (film diffusion) or migrate inside through pores (pore diffusion) and interact with active sites of the sorbent. The overall rate of sorption is dominated by the slowest of these steps or, if the rates of several steps are comparable, is formed by a combination of them. So, for analysis of the sorption kinetics, the dependency of the q eq values for different equilibration times on the initial and equilibrium metal concentrations should be analyzed. Such data allows for choosing the best model for fitting the reaction rate dependency on time of equilibration. The most popular equations are the pseudo-first order equation, pseudo-second order equation, the intramolecular diffusion based process, and the Elovich model. All these models are presented in detail in numerous papers, e.g. in that of Staron et al. [24] .
In the presented work, we preferred the linear forms of equations describing the above models found in the paper of Staron [24] . Instead of metal masses, however, we preferred the activities of radiation emitted. If the specific activity of the radiation emitted by the particular radionuclide and the efficiency of the radiation counting (for modern counters this is constant within a broad range of radiation measured) are known, the activity of the radiation emitted by the solution studied is proportional to the radionuclide concentration. Values of the coefficients of determination (R 2 ) of the experimental data with the analyzed model were used to compare the simulations of all equations.
To examine the effect of sorbent contact time on E eq , the removal efficiency of both sorbents was measured at different times for the solution containing four studied metal ions. More specifically, samples for radiometric analyses were withdrawn at the time points of 0, 0.5, 1, 2, 3, 5, 10, 15, 30, 60, 120 and 180 min. All other parameters were kept identical to those named in Table 1 as the optimum parameters. The results of removal efficiency (E R ) versus time are given in Fig. 3 .
It may be noticed, that the increase of the removal efficiency in the first minutes was very fast and slows down with further increase in the contact time of the phases. Such observations may be related to the change in concentration gradient. It may be reasoned that at the beginning of the process, the large concentration gradient between the sorbent and the liquid phase evokes great sorption rate. For all metals, uptake reaches a plateau within the first 5 min. Specifically, at t = 5 min, the respective E R values for the CSS-3A sorbent are 98.81 ± 0.43%, 98.84 ± 0.42%, 89.13 ± 1.01% and 96.76 ± 0.36% for cesium-137, strontium-85, europium-152 and americium-241, respectively. In the case of sorbent CSS-3B, the corresponding values are 98.64 ± 0.47%, 98.68 ± 0.42%, 90.74 ± 0.75%, and 96.84 ± 0.50%. As is seen, the removal efficiency is extremely high for all metals studied. The slight drop observed for Eu(III) versus Am(III) (which is a congener of the former) may be related to its smaller ionic radius [25] : 95 versus 97 pm. After the 5 min time point, it may be observed that the rate of sorption is completely reduced and an equilibrium of the process is reached. This phenomenon may be related to the decreasing availability of the metal unoccupied active sites in the sorbent. The number of the available sites reduces, so the sorption reaches a certain constant value. In addition, elongation of the contacting time does not influence removal efficiency because the concentration gradient remains constant.
Analyzing the obtained results it has been concluded that the pseudo-second-order model fits the best sorption of all metal ions on each of the CSS-3 sorbent. For any metal ion values of the coefficients of determination exceeded 0.95. Fig. 2 The dependence of the logarithm of the sorption distribution coefficients in CSS-3A and water (pH = 3.5), for the four radionuclides studied, on their inverse Shannon ionic radii [23] Based on these values, it may be postulated that the ratedetermining step in sorption of any metal ion studied is chemical sorption (chemisorption), which involves valency forces through mutual membership or replacing electrons between sorbent and sorbate [26] .
Effect of the sorbent mass on sorption of the radionuclides
Effect of the sorbent mass on sorption of the radiometal ions is one of the crucial parameters that should be considered for designing the optimum process conditions. All other parameters are presented in Table 1 as the optimum parameters.
Effect of the amount of each sorbent applied for sorption is shown in Fig. 4 . As can be seen, the efficiency of decontamination of aqueous solutions from the radioactive metal cations remains constant for the amount of the CSS-3A used is greater than 1 g dm −3 and up to 20 g dm −3 . For the CSS-3B sorbent, up to the amount of 5 g dm −3 , one may observe such growths of the percent of the radionuclide removal (E eq ). For greater amounts of the CSS3-B, further increase of E eq is not observed. As a consequence, about 5 g dm −3 of the CSS-3 material may be proposed optimum for removal of the metal radionuclides independently of their charge. Found in the presented work value is slightly greater than this reported earlier for the CSS-1 materials [19] .
It is generally accepted, that growth of the removal percent caused by an increase in adsorbent dose may be attributed to a greater number of the exchangeable sites on the surface of the adsorbent. Plateau observed when the CSS-3 doses were greater than 5 g dm −3 shows that an equilibrium is reached between the number of ions bound to the adsorbent and the number of free ions in the solution. This equilibrium exists even if the consecutive mass of the sorbent was added, which provided an excess number of the binding sites. In details, for the studied purified solution, which was of the specific activity concentrations of the radionuclides about 8. mol dm −3 , and 1.9 × 10 −8 mol dm −3 . As can be seen from Fig. 4 , doses of the sorbent being at least 5 g dm −3 remove completely these amounts of caesium, strontium or americium, while about 80% of europium.
Effect of the pH of the purified aqueous solutions
Review of the existing literature shows, that finding optimum pH of the solution may result in an increase in the metal removal efficiency (E eq ). For example, Sparks [27] has stated that sorption of metal cations is pH-dependent and is characterized by a narrow pH range where sorption increases to nearly 100%, traditionally known as an adsorption edge. The pH position of the adsorption edge for a particular metal cation is related to its hydrolysis or acid-base characteristics. In addition to pH, sorption of metals is dependent on sorptive concentration, surface coverage, and the type of the sorbent.
Sorption of heavy metals on clay minerals is proposed to be caused by two mechanisms: ion exchange and complexation by the surface binding groups. In the solutions of lower pH, ion exchange process appears to be dominant [28, 29] . With the increasing pH of a solution, hydrolysis process becomes more significant and precipitation of metal hydroxides occurs [30, 31] .
Results of the removal efficiency (E r ) of the investigated radioactive metal ions for different pH of the solution containing these metals in the concentration range of 10 It has been already shown that sorption of heavy metals on the layered silicates, being primarily an interplay between the adsorption and desorption processes, occurs as a result of the metal interaction with the binding sites of different affinity towards these metals. Binding sites of stronger affinity may be found mainly in a small part of the sorbent surface and their number grows with increasing pH. It was established that they are located on the edge parts of the silicate layers. Those of poorer binding properties, in turn, are ionic sites placed in the interlayer space [32] . Therefore, the observed poor dependence of removal efficiency on the solution acidity may suggest that both CSS-3 materials adsorb the metallic radionuclides primarily due to the radionuclide binding by the ionic sites.
Effect of salts and complexing ligands potentially present in aqueous solutions
To check whether the CSS-3 sorbents may be applied for the radioactive liquid waste management, we have compared the afore presented experimental results for sorption of the radionuclides from standard laboratory solutions of low salt concentration with the uptake of these metals from the solutions similar to the real liquid radioactive waste. Literature search in the INIS database, which yields with rather a poor dataset, has shown that composition of such wastes differs from each other. So, we have used a solution of the Na + , K + , Mg 2+ , Ca 2+ chlorides in the concentrations resembling these found in aqueous solutions from the Polish the National Radioactive Waste Repository (NRWR). In details, analysis of such sample delivered to our Lab by the NRWR has shown that it contained 583, 32, 129 and 182 mg dm −3 of these cations, respectively. pH (about 5.5) and the nca radiometal concentration resembles this found for the solution obtained from the NRWR. Results of the removal efficiency (E eq ) of the radioactive metals by the CSS-3A sorbent from the saline solutions were 98.7 ± 0.8%, 98.7 ± 0.8%, 94.1 ± 1.1% as well as 97.7 ± 0.8% for Cs(I), Sr(II), Eu(III) and Am(III), respectively. In turn, corresponding E eq values for the CSS-3B sorbent, are 98.8 ± 0.8%, 98.7 ± 0.8%, 93.0 ± 1.5% and 96.7 ± 1.3%. Comparison of the data with these mentioned in the previous part of the paper has shown that the presence of the weighted amounts of the salts does not affect the sorption of any of the radioactive metal.
Liquid radioactive wastes may also contain the chelating agents coming from usage of different cleaning solutions. For example, the CANDECON (Canadian Decontamination) lotion: about 2 × 10 −3 M of the oxalic and citric acids and Na-EDTA [33] . So, it is to be expected, that certain radioactive wastes may contain all these complexing agents. As a result, to check the prospect sorbents in the processing of the LLRW and/or MLRW, we have studied also sorption of the radionuclides from aqueous solutions containing a mixture of these complexing ligands in the concentrations stated above. The results obtained are presented in Fig. 6 together with the results obtained for aqueous solutions are in the chelating agents. Values of the pH of the solutions (2 or 10, respectively, which mimic the acidic and basic liquid wastes) were maintained by addition of the appropriate amounts of the hydrochloric acid or sodium hydroxide aqueous solutions.
As it is seen from the Fig. 6 , differences in the E eq values within each pair are small and do not exceed experimental errors. So, it may be concluded that both sorbents may be CSS-3A CSS-3B
Fig. 6
Comparison of the removal efficiency (E eq ) of the radionuclides from aqueous solutions and from the solutions containing chelating agents successively applied for the radioactive liquid wastes containing the chelating agents.
Chemical stability of the sorbents
Any sorbent which is tested as a potential additive in the engineering barriers designed for the radioactive waste repositories should strongly bind the radioactive metals. So, in present studies, we have carried out the prolonged equilibration (120 h) of the free from radiometals aqueous liquids with both sorbents prior to the experiment shaken with aqueous solutions containing all the radionuclides. Result obtained has shown that both materials studied may be used to prevent the environment from leaching of the radionuclides. In details, average release of the radionuclides from the CSS-3A sorbent appeared to be 0.14 ± 0.08%, 1.72 ± 1.10%, 1.29 ± 0.30% and 0.23 ± 0.21% for Cs(I), Sr(II), Eu(III) and Am(III), respectively. Corresponding values for the CSS-3B material were 0.14 ± 0.07%, 0.37 ± 0.10%, 1.28 ± 0.52% and 0.17 ± 0.54%, one-to-one. Considering the fact, that batch sorption experiments involve extremely intensive agitation, while working conditions in the engineering barriers are close to the equilibrium, obtained results attest potential applicability of both sorbents as a novel additive in the engineering barriers for the radioactive waste repositories.
Radiation stability of the sorbents
A possible application of any from both materials for the LLRW or MLRW management has been checked by examination their stability under the gamma irradiation. Even, if the main mineralogical components of the CSS-3 materials seem to be radiation stable, some other constituents may be destroyed by their irradiation and change the sorption properties of the materials. For this purpose, both potential sorbents have been irradiated with a dose of 250 kGy. Their great radiation stability, i.e. detection of their only insignificant changes after irradiation, has been shown in three independent experiments. Firstly, the sorption properties of both sorbents have been compared for raw materials with these for irradiated. It has been found that the E r values are comparable within the experimental error for any pair-raw material and the appropriate irradiated sorbent-and any radionuclide (see, Fig. 7) . Furthermore, registered infra-red spectra of the CSS-3 sorbents have been numerically compared for the non-irradiated materials with these for the irradiated. Assignment of main peaks found in the so-called fingerprint region (namely, 2000-400 cm −1 ) for the clays may be found in the available, e.g. in the papers of Bhaskar [34] or Bendou [35] . Because, for the comparative rather than analytical purpose it is not crucial, only in short: the bands seen nearby 460 cm −1 may be related to the Si-O-Al and Si-O-Si bending vibrations. Strong bands in the area of about 1000-1050 cm −1 may be related to the Si-O stretching vibrations (in-plane) of the tetrahedral sheets. Peaks in the region of 3600 cm −1 may be linked with the stretching vibrations of hydroxyl groups which are bound to the octahedral Al 3+ cations. Finally, bands at around 1450 cm −1 and 3400-3500 cm −1 (the latter, lying outside the fingerprint region) should be assigned to the bending and stretching vibrations of the hydroxyl groups of water molecules settled on the surface of the clay [34, 35] . It is worth to notice, that peak at 1450 cm −1 , present in spectra of the CSS-3A sorbent, is missing in the spectra of the CSS-3B.
As in our previous paper [19] , computation of the Pearson's correlation coefficient (p.c.c) has been chosen as the should be in the range between − 1 to 1. A value close to zero means that poor correlation exists for the analyzed spectra, i.e. the spectra differ each other. In turn, values nearby ± 1 describe a pair of spectra being to a large extent similar and therefore which characterize substances to a large extent analogous. Within the framework of presented studies, it has been found that the p.c.c. values for spectra registered for both pairs of materials (i.e. for the original clays and the corresponding materials after their gamma irradiation) are 0.98 and 0.91, respectively. All analyzed spectra are shown in Fig. 8 . These values, close to 1, suggest that raw materials do not change significantly upon their irradiation and are sufficiently radiation stable to be applied for the LLRW management.
Finally, it is the known fact, that any material gains spontaneously some electrical charge on the surface upon interaction with surrounding polar solvents (e.g. water). The charge is mostly negative. This phenomenon is called Zeta Potential (ZP) and may originate from: (1) different affinity towards electrons of both phases; (2) ionization of binding groups located on surface of the solid; (3) adsorption of numerous ions from the electrolyte on the solid surface; (4) dissolution of certain ions present in the crystal lattice (5); anisotropy of the surface, or/and (6) isomorphous substitution. Therefore, ZP of the material is often assumed as a meaningful factor for characterization of the material. So, to examine if the CSS-3 materials change upon the action of gamma radiation, values of ZP have been determined for both pairs: raw materials and after their irradiation. Obtained data are presented in Table 2 .
Inspection of the obtained data has shown that for each acidity of water, values of the ZP are negative and equal for both sorbents. They do not change in course of their irradiation. Such negative values show that both materials may be applied as sorbents for metal ions present in the aqueous waste solutions.
Summarizing, great radiation stability of both sorbents proven by three independent methods supports our expectation that they may be successfully applied for the radioactive waste management.
Removal of technetium-99 from aqueous solutions
Technetium does not occur naturally and all three known isotopes of technetium (Tc-97, Tc-98, and Tc-99) are radioactive. The most important one, technetium-99 (Tc-99) is produced during nuclear reactor operation, and as a by-product of nuclear weapons explosions. So, it can be found also in the high radioactivity level nuclear wastes containing spent nuclear fuel. A lesser amount of Tc-99 can also be present in waste generated at medical laboratories and academic institutions. As Tc-99 radionuclide is an object rarely investigated in the sorption studies, we decided to extend the presented work with its sorption by both CSS materials. To facilitate the radiometric measurements, we profiled the gamma-ray-emitting, metastable, Tc-99m radionuclide, at present widely used for medical diagnostic examinations. Technetium occurs either in the form of the tetrahedral pertechnetate anion, TcO 4 − or as a simple Tc 4+ cation. Pertechnetate behaves analogously to perchlorate and unlike permanganate (MnO 4 − ) is only a weak oxidizing agent. It is highly mobile and long-lived radioactive species, so protecting the humans and development of the best remediation strategies is urgently needed. Because of the anionic structure of the dominant technetium form in the environment, it is expected to be poorly sorbed by each of the CSS-3 sorbents. However in reaction with strong reducing agents, primarily stannous ions but also hydrazine, borohydride, ascorbic acid or zinc results with complete reduction of the pertechnetates. So, in the present work, we checked the possibility of the technetium sorption on the CSS-3 sorbents, both pertechnetate and with the addition of the reducing agents which should enhance sorption of the radioactive element. In spite of the fact that Fe(II) reducing agent is usually found in the liquid wastes, this reduction is known as not reduce the pertechnetate ions. So, in the presented work, we have chosen SnCl 2 and ascorbic acid which is commonly used as a component of the kits used for preparing the technetium radiopharmaceuticals [38] . Obtained results are summarized in Fig. 9 .
Sorption of the pertechnetate anion by each of the sorbent is poor: the E Tc value is close to zero. Addition of the stannous chloride results in the significant increase of the technetium sorption (E Tc approaches 100%).
Use of the ascorbic acid as a reducing agent alternative to the stannous chloride has been also tested. It has been found that E eq;Tc also exceeds 99% both in the acidic and basic solutions.
Conclusions
Adsorption process may be considered among the most efficient methods of removing the metal ions from aqueous media. Generally, the efficiency of adsorption is comparable to another chemical or physical procedures of decontamination, however, it is much cheaper [36] . A great number of low-cost adsorbents have been already tested, among them clays, zeolites, hydrous oxides of different metals. Because review of the International Atomic Energy Agency (IAEA) literature database INIS provides about 20,000 records related to the radioactive metal sorption from aqueous solutions, selection of the data on sorption of strontium(II) and americium(III) has been published in one of our previous papers [37] . Comparison of the data presented here with sorption properties of the CSS sorbents shows that the latter is of the same range as the representatives of another group of the natural sorbents.
Clay-salt slimes (CSS), waste produced by the "Belaruskali" factory, are proposed as cheap, eco-friendly materials for application as sorbents efficient in removal of the radionuclides from aqueous solutions. In the presented work, sorption of caesium(I), strontium(II), europium(III), americium(III) and technetium(VII) has been studied. Main results obtained for two fractions of the CSS-3 sorbent which were obtained from material collected in the Mining Factory No 3 of the "Belaruskali" are presented in Table 3 and compared with the sorbent got from the wastes obtained from the Mining Factory No 1. The latter sorbent has been earlier described in [19] .
Results of the presented work on the clay-salt slimes, that are industrial wastes in the activity of the "Belaruskali", show that these materials may be accounted as a perspective sorbent for treatment of aqueous solutions containing the radioactive metals. 
